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A b r i e f  d e s c r i p t i o n  i s  given of ins t rumenta t ion  and methods 

used i n  t h e  s tudy  of r a d i a t i o n  damage i n  l i t h ium-d i f fu sed  S i .  I n f r a r e d  

pho toconduc t iv i ty  ( 1  t o  10 microns) and i n f r a r e d  spect roscopy (1  t o  50 

microns) were used a s  t h e  probes .  The d e f e c t s  were induced i n  t h e  

m a t e r i a l  by 1.5MeV e l e c t r o n s  w i t h  t h e  sample temperature  a t  3000K dur- 

i n g  i r r a d i a t i o n ;  one i r r a d i a t i o n  experiment was run  a t  -110°5<. No 

i n f r a r e d  a c t i v e  de f ec t  bands were induced by e l e c t r o n s  of E 5MeV up t o  
% 

2 r a d i a t i o n  f l uences  of 3 .3  x 1017e/cm . A l l  samples s t ud i ed  which have 

l i t h i u m  concen t r a t i ons  i n  t h e  range  9  x  t o  2 x 1 0 ~ ' c m - ~  e x h i b i t  

sha rp  i n c r e a s e s  i n  r e s i s t a n c e  a f t e r  h e a t  t r ea tment  i n  t h e  range 2000 t o  

700°K. Dominant rad ia t ion- induced  photoconduct iv i ty  a r i s e s  from l e v e l s  

a t  Ec-0.2, Ec-0.39, Ec-0.54, Ec-0.6, Ec-0.7, and Ec-0.8eV i n  oxygen-rich 

S i  and a t  Ec-0.2, Ec-0.54, Ec-0.8, Ec-0.92, and Ec-l.OeV i n  oxygen-lean 

S i .  The l e v e l s  a r e  found t o  d i sappear  and i n  some cases  s h i f t  wi th  an- 

n e a l i n g  i n  t h e  100' t o  450°C temperature  range.  I n  a l l  cases  t h e  spec- 

trum i s  dominated by 3  o r  4  energy l e v e l s  a f t e r  i r r a d i a t i o n  and a f t e r  

v a r i o u s  annea l s .  Energy l e v e l s  obta ined by o t h e r  workers u s i n g  c a r r i e r  

concen t r a t i on ,  minor i ty  c a r r i e r  l i f e t i m e ,  and photoluminescence a s  t h e  

probes  a r e  compared t o  our measurements. 



2 > INTRODUCTION 

The main emphasis of the research program was to make a study of 

the extrinsic photoconductivity (1 to 10 p) and infrared absorption induced in 
silicon by 1.5 to 2.5 MeV electrons. The silicon was doped by lithium 

16 3 
diffusion to concentrations of nr 10 to 1017 Li atoms/cm from starting material 

that was N 1 0 R  -cm phosphorus-doped. The silicon was either oxygen-lean 

3 
( 4 1016 oxygen/cm ) float zone refined (FZ), or oxygen-rich ( 1017 oxygen/cm3) * N 

grown by pulling from the melt in a quartz crucible (CG). The irradiations were 

performed with the sample kept at 2 300°K during bombardment with subsequent 
annealing to temperatures of N 700°K. One irradiation was performed with the 

sample kept at a temperature of w 100°K during bombardment with subsequent 

annealing to rrr 250%. 

The primary purpose of this research was to investigate the 

effects of lithium on radiation-produced complexes which had long term stability 

( M  days to weeks) by examining the appearance of localized energy levels in 

the forbidden gap giving rise to extrinsic photoconductivity (PC). In addition, 

the infrared spectrum was measured (at 78OK) on samples after irradiation to 

obtain additional information on Li-associated defect bands which might be 

correlated with the localized defect energy states. 

In the case of the infrared spectroscopy measurements, it is 

significant to point out that the relatively low fluences of -1.5 MeV electrons 

2 C 8 x 1017e/cm used in the experiments were never sufficient to produce 
C\, 

detectable defect infrared bmQ. These results are consistent with our past 

research(')on infrared spectroscopy studies on 50 MeV electron- irradiated Li- 

doped Si in which it was found t h a t t h e  sa~rnple )rust be exposed to flr~ernces oT 



t i018e/cn in order to piodure a iiii i i c x m t  riwlibrr of jnirared active 
4 

defect centers. The scope and effort o f  the present program did not in- 

clude a study of the damage induced by 50 MeV electrons. 

The ultimate purpose of our research was to be the understanding 

of the basic processes operative in the radiation damage process in Li-doped 

Si, particularly as the processes relate to solar cell operation in a radia- 

tion environment. Moreover, it was anticipated that the results of our 

method of probing the defects might be compared to results obtained by 

workers using other probes such as luminescence, temperature dependence 

of carrier concentration, wd carrier lifetime studies. A review of 

the reports of other workers has shown only a meager correlation because of 

factors such as lack of high temperature annealing data, different irradia- 

tion temperature, markedly different Li concentration in the sanrrple, and 

different electron fluences to which the samples were exposed. In some 

cases little or no comparison can be made since results of other studies 

have just recently become available from prograns started 21/2 years ago*. 

* We recommend that a uniform procedure be followed for supplying Li-diffused 
samples to various research groups in that they should all come from a com- 
mon source. This procedure would at least insure similar starting condi- 
tions. It is recognized that the probes used to study the defects by the 
various groups require different fluences due to sensitivity requirements 
of the measuring probe. However, i t i s  our judgment that even with this 
disadvantage (unavoidable) conparison of results of various workers would 
be made easier, This factor should be given serious consideration in 
future programs. 



The Level of the effort spent on t l ~ i s  progyarn represents 1.0 

man year  made up of t h e  p r i n c i p a l  i nves t iga to r ,  a graduate s tudent ,  and 

an undergraduate s tudent  a s s i s t a n t  a l l  on a p a r t  time bas i s .  
I 



111 Methods 

Details of the experimenta.1 methods used in our research 

program have been given in earlier reports ( 2 9 3 )  and most will not be 

repeated here. Our main purpose in this report will be to give in brief 

form, the salient features of the experimental methods and techniques used 

in the measurements. 

A) Sample Preparation 

The lithium was diffused into the silicon using a painting 

procedure in which a paste composed of dispersed lithium metal and 15 

micron alumina mixed in mineral oil was applied to the surface of the 

sample. The nominal sample dimensions were 2 x 5 x 18 mm. The "painted 

sample" was given a 10 to 20 minute heat treatment at 3 450°C to cause 
the first in-diffusion of Li. The lithium concentration was monitored 

by four-point electrical resistivity measurements which are sensitive to 

the electrically active lithium atoms that introduce donors. Homogeneity 
+ 

of the Li (to within - 5%) was accomplished by redistribution at ( 450°C 
' l4 

for 1 to 10 hours depending upon the final lithium concentration desired. 

All heat treatments were made while the sample was in an inert gas atmos- 

phere. We have routinely produced samples having lithium concentrations 

of ,10~~, , 1016, and from starting material of 

10 fi -on P-doped Si both oxygen-lean and oxygen-rich. 
In order to make the optical measurements, opposite faces of 

the sample are polished to a mirror-like finish using 15 micron alumina 

followed by 3 1  and 0.3 micron alumina polishes. Since two electrical 

contacts t o  the sample are needed to make p h o t o c o n d u c t i v i ~  measurements, 



3, 
we use  a gold alloying technique i n  which gold doped to 1 o r  2 atomic 

pe rcen t  Sb i s  p r e s s u r e  bonded to the silicon at 5 380'~. The p ressure  

i s  kep t  on t h e  sample a t  3 5 0 ' ~  f o r  approximately 5 minutes whi le  t h e  

sample i s  i n  an  i n e r t  atmosphere. Contacts  made i n  t h i s  fash ion  were 

ohmic and non - r ec t i f y ing  a t  7S°K and remained s o  even a f t e r  i r r a d i a t i o n .  

B) E l ec t ron  I r r a d i a t i o n  

Most o f  t h e  e l e c t r o n  i r r a d i a t i o n  experiments were performed 

u s i n g  a  1 - 3 MeV e l e c t r o n  Van de Graf f  a c c e l e r a t o r .  The samples were 

kep t  a t  A 300°K dur ing  bombardment. Sample coo l ing  was accomplishedby 

u s i n g  an i c e  and wate r  mixture  c i r c u l a t e d  i n  t h e  sample housing. The 

one completed co ld  temperature  i r r a d i a t i o n  ( e a  llo°K) was performed us-  

i n g  t h e  i r r a d i a t i o n  c r y o s t a t  descr ibed below. The damage was monitored 

dur ing  i r r a d i a t i o n  by p e r i o d i c a l l y  measuring t h e  r e s i s t a n c e  of t h e  sam- 

p l e  a t  780K which y i e l d e d  a  measure of t h e  number of  c a r r i e r s  removed. 

C) Photoconduct iv i ty  - and I n f r a r e d  Spectroscopy Measurements 

Monochromatic l i g h t  was supp l ied  by a  Perkin-Elmer model 98 

monochromator capable  o f  spanning t h e  1 t o  10 micron wavelength range by 

u s i n g  a  v a r i e t y  o f  prisms.  

/U ) and NaCl ( 1  t o  L i  F ( 1  t o  u 6 p  ) , CaFZ ( I  t o  c 9 
-I% 

The monochromatic l i g h t  was i n c i d e n t  on t h e  sample housed in  

a  l i q u i d  n i t r o g e n  c r y o s t a t .  The sample was cooled by immersion in helium 

gas  kep t  a t  7 8 O ~ .  I n  most of t h e  photoconduct iv i ty  s p e c t r a  t h e  l i g h t  was 

_ _ _ _ - _ _ _ _ _ _ _ L - _ _ _ _ _ - - - - - - - - - - - - - -  

%k 
We khanlc D r ,  G ,  Anlcl<er and Fir. D, Leibowit;: of the RCA Laboratories 

for informing us of th i s  techniqu~ 



chopped a t  33 cps and t h e  s i g n a l  generated by pl-rotoconductivity i n  t h e  

sample was f ed  t o  a  Princeton Applied Research Corporation Model I-IR-8 

lock-in phase s e n s i t i v e  ampl i f ie r  with a PAR Model A preamplifier.  

I n  order  t o  achieve a  high s i g n a l  t o  noise r a t i o  the  e lec-  
P 

t r o n i c s  and monochromator were enclosed i n  boxes made from % inch t h i c k  

aluminum p l a t e s .  Furthers  d e t a i l s  can be found i n  re ference  2 .  

I t  w i l l  be use fu l  f o r  examining t h e  photoconductivity spec- 

t r a  t o  have a  general  idea  of energy reso lu t ion .  Naturally the  energy 

r e so lu t ion  is kept  a s  high as poss ib le  a s  allowed by t h e  amount of s i g n a l  

ava i l ab le  i n  any given sample. I n  a l l  p r a c t i c a l  cases one choses a  com- 

promise energy r e so lu t ion  which allows a reasonable measure of s i g n a l  

wi th in  t o l e r a b l e  in t eg ra t ion  times. I n  Figure 1 we show the  energy r e s -  

o lu t ion  p l o t t e d  vs  l i g h t  energy f o r  the  L i  F prism, while i n  Figure 2 we 

show energy r e so lu t ion  vs  l i g h t  energy f o r  some t y p i c a l  runs made using 

t h e  CaF prism on sample JPL-36 befare  and a f t e r  15 minute anneals a t  
2 

each of t h e  indica ted  temperatures. The discontinuous changes in the  energy res- 

o lu t ion  curves shown i n  Figures 1 and 2 represent  wavelengths where t h e  

entrance sl-it width is  diminshed. The energy r e so lu t ions  given i n  Figures 

1 and 2 a r e  t y p i c a l  of what we have u t i l i z e d  i n  our measured spec t ra  and 

a r e  intended t o  serve a s  a  general  guide when one examines t h e  data  from 

t h e  PC spec t ra .  

Wavelength c a l i b r a t i o n  and energy r e so lu t ion  of the  monochro- 

mator were obtained using a  va r i e ty  of gases and l i q u i d s  which have well  

known absorption bands i n  the  1 t o  15 micron wavelength range. The c a l i -  

b ra t ion  sources we found rnost convenient were water M 2 . 6 ~  , carbon 

dioxide 4 bC. 2 
$" 

i ndcne  (Cgii8) 2 to 8 , polys-tyrenc ( C fi ) ji: il j ,r&. 4 2 n  2 3 n  

3 t o  9 and chloroform CHCX3 0 - 9  t o  2 - 1 2 f i  . P / 



The in f ra red  spectroscopy measurements were made using c i t h e r  

t h e  Perkin-Elmer model 98 s i n g l e  beam s ing le  pass monochromator, o r  a 

Perkin-Elmer model 621 double beam in f ra red  spectrophotometer. Additional 

d e t a i l s  descr ib ing  t h e  i n f r a r e d  spectroscopy measurements may be round i n  

(4) another paper . 
D) I r r a d i a t i o n  Cryostat  - f o r  Photoconductivity - and Inf rared  

Spectroscopy Measurements 

The bas i c  c ryos ta t  used i n  our work i s  an Andonian Associates 

l i q u i d  helium c ryos ta t  Model MHD-3L-30N equipped with a  modified opt ion 

24 t a i l  piece.  The modified c r y o s t a t  was used on previous work not  asso- 

c i a t e d  wi th  t h e  t a s k  of t h e  present  cont rac t .  The d e t a i l s  of t h e  t a i l  

p iece  of  t h e  c r y o s t a t  and how t h e  l i g h t  i s  admitted i n t o  t h e  c ryos ta t  

and allowed t o  pass through t h e  sample has been described i n  d e t a i l  e l s e -  

where (6) . A combination of NaCl windows (a t  300'~) and AgCl windows 

(780K) a r e  used t o  maintain t h e  vacuum. In f ra red  l i g h t  from 1 t o  16 m i -  

crons can pass  through t h i s  window system. Temperature is cont ro l led  

by means of hea te r s  which vaporize t h e  coolant l i q u i d  (N2 or  He) and 

e i t h e r  copper-constantan o r  gold (1% Fe) copper thermo-elements a r e  used 

t o  sense t h e  temperature. 

The e l ec t ron  beam e n t e r s  t h e  c ryos ta t  a t  90° with respec t  t o  

t h e  i n f r a r e d  l i g h t  d i rec t ion .  Electrons f i r s t  pass through a  0.0005" th i ck  
* 

Kapton Polymide f i l m  sealed with neoprene "O-rings" then through a  cold 

*Use of t h i s  f i lm  as  a  window mater ia l  was suggested t o  us by Prof. John 

MacKay of Purdue University,  The f i lm  i s  ava i l ab le  from E ,  I .  Dupont De 

Nemour 6( Co, (Inc,)  , FLLm Dept, , Wi.lrnington, Delaware 19898, 



window 0 , 0 0  3" t h i c k  aluminum sea l ed  wikh indium "O-rings" before s t r i k i n g  

t h e  sample. The sample is  mounted i n  such a way t h a t  it can be f r e e l y  

r o t a t e d  i n  t h e  sample holder  through 360°. 



111) Results - 

A) N 300°K. 

Measurement 

In all photoconductivity spectra measured at 7 8 O K  on samples 

irradiated at F+J 300°K we present the results in the form of plots relative 

photoconductivity (arbitrary scale) vs energy (eV) of the incident 
b(L 

light. AS represents the added conductivity due to the light incident 

on the sample of photon density fl , and 6 is the conductivity in the 
dark. The photoconductivity (PC) is plotted on a relative scale since the 

sample must be removed from the cryostat each time it is given an anneal 

in a separate high temperature (to N 650°C) oven. One cannot obtain an 

absolute measurement of PC since it is not possible to reproduce exactly 

the sample condition after it is taken out and re-inserted into the 

cryostat. However, in all cases we have normalized the spectra relative 

to the light source spectrum shape, thus permitting one to compare the 

shape of the measured photoconductivity spectra in a meaningful way. It is 

the shape -- of the spectrum which can yield energy level positions that are 

of importance in characterizing the defect. Of course the annealing effects 

on each level will be manifested by detemining the relative PC associated 

with each energy level before and after a series of anneals. 

In all annealing results we have performed isochronal 

annealing experiments with the sample kept at the annealing temperature 

for 15 minutes. - 
In Table I we have listed the characteristics of each sample 

for which results will be given in this report. The table lists the 



lithieurn concen"earion, electron r'lraence and energy and the method of 

crystal growth. The starting material for all samples was 10 R -cm 
phosphorus doped N 5 x 1014 phosphorus atoms/cm3 and the sample 

orientation during irradiation was such that electrons were incident in 

the [111] direction (Note - since the samples were not oriented no other 

direction can be specified. 

TABLE I - Lithium concentration, electron energy and fluence, and crystal 
growth method of samples studied in this investigation. 

SAMPLE JPL- 17 JPL- 11 JPL- 69 JPL- 12 JPL- 36 *JPL- 10 

~ i / c m ~  2 . 0 ~ 1 0 ~ ~  9.0x1016 9.0~1 015 7x1 0 l6 5 x 1 0 ~ ~  5x1 016 

Fluence e/cm 2 6.3~10'~ 6.0~10'~ 2. oX1 017 7.9x1017 5x1017 , 1 . 5 ~ 1 0 ~ ~  

Electron Energy 1.5 MeV 1.5 MeV 1.5 MeV 1.5 MeV 1.5 MeV 2 MeV 

Crystal Growth CG CG F Z CG CG CG 

Fluencel [ ~ i  (cm- 3, 1 3.2 6.7 22 11 10 3.0 

*This sample was irradiated at /~110OK. 

CG - Crucible Grown FZ = Float Zone Refined 

The resistance of each sample was found to increase by 2 to 4 

orders of magnitude after irradiation and annealing in the temperature range 
* 

150 - 400°C. We have tabulated these rather striking increases in resistance 

In Table I i  where we give the sample r.esistance measured at 78OK and at 3Q0°K 

without light incident on the sample, Several of the samples resistances 

were measured with 1 . 3 ~  light shinlng on the sample. As can he seen in 
- - - . . . . " . . . - - - - - - -  

* These increases in resistance are tmique "& LLi-doped Si and we do not observe 
th~ni in samples not containing lithium. 



Table II, all samples exhibited pronomced increases in resistance wilich 

persisted up to annealing temperatures of 390°C and 450°C. We also 

observed this same effect on the sample irradiated at /c, 110°K in which 

dramatic increases in resistance were observed after anneals to 250°K. 

These results will be given below. The sample resistance before irradia- 

tion is also given in Table 11, and as can be seen, large resistances are 

still found after anneals to 390 - 480°C. The large resistances would 

imply that the damage that remains is strongly compensating the donor 

impurities. We have not observed such effects in our previous (1) 
* 

irradiations of Li-doped Si where infrared spectroscopy was used to probe 

the defects. As an additional comment it is not reasonable to expect 

large changes in Li content to be brought about by 15 minute heat treat- 

ments of 350 - 400°C, when in fact, out-diffusion times on the order of 

one to several hours at ~ ~ 4 5 0 ° C  are ut:ilized to cause re-distribution 

of lithium in our samples. 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

* From the infrared absorption by free carriers. 
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i n  Figure 3 we have shown the PC spectra for sample JPL-69 

before m e a l  and after 15 minutes at 110, 300, 340, and 390°C. Although 

the sample was also given anneals at 150°C and 200°C no spectra could be 

measured as the impedance became too high (see Table 11) and the voltage 

signal could not be accomodated by our equipment. For certain data points 

in the various spectra, we show the experimental uncertainty. These un- 

certainties represent the maximum values and for many of the points the 

error is less than the size of the plotted point. This same condition on 

uncertainty considerations and the presence of error bars for certain of the 

data applies on all subsequent results to be presented below. Note the 

evolution of peaks at energies of 0.82 and 0.99 eV after anneal at 300°C. 

After sample JPL #69 was annealed to 440°C, the signal to noise became 

very low indicating that little extrinsic photoconductivity remained and 

that the sample had nearly reverted to its pre-irradiation state. Another 

anneal to 480°C was made on this sample but no measurements were taken 

because of lack of time and program termination. 

It is very important to realize the difficulty in assigning 

energy levels to specific "breaks" in the spectrum curve, i.e., the 
* 

structure. In all results to be presented we shall take as the energy 

level the point on the spectrum where the particular level exhibits the 

onset of ionization, and for all quoted energy levels the structure is such 

as to be outside the range of experimental error. In many cases it will be 

observed that the ionization of a "level" extends over a fairly broad energy 

and for some of the levels the width can be as large as N0.3 eV indicating 

that there are a large nmber of very closely spaced levels which cannot be 

resolved, We have observed this same phenomenon in radiation-produced 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

* Except for the peaks at 0.82, 0.99, 0.78 and 0.92 eV as shown in Fig. 3. 



exrrimic PC f o r  1 t o  100 J% -m phospkoms-doped Si which does not contain 

lithium. 

In Figure 4 are  shown the photoconductivity spectra for  sample 

JPL  -#I7 before anneal and a f t e r  15 minutes a t  100, 300, 340, 390, and 440°C. 

Here again no spectra could be measured a f t e r  150°C and 200°C anneals be- 

cause of the high impedance problem mentioned above. After a 480°C anneal, 

no fur ther  signal could be measured on sample JPL-#17 due t o  a low signal t o  

noise implying that  the sample had nearly reverted to  i t s  pre-irradiation 

s ta te .  Note tha t  the lithium content in  sample JPL-#17 is approximately 20 

times higher than f o r  sample JPL-#69 (Figure 3). One feature of nearly a l l  

PC spectra i s  t he i r  wide range i n  the magnitude of PC ( N  10') over the 

l igh t  energy range N 0.2 t o  1.0 eV. The spectra i n  Figure 4 do not 

exhibit the marked peaks i n  PC as were found a t  0.82, and 0.99 eV, and a t  

0.78 and 0.92 e?, fo r  sample JPL-#69. One can see some correlation of 

energy levels (Figures 3 and 4j which we sha l l  discuss below. 

Figure 5 shows the PC spectra for  sample JPL-#11 before anneal 

and a f t e r  15 minutes a t  100, 300, 340, 380, 420, and 450°C with spectra 

not shown a f t e r  150 and 200°C anneals for  the same reason mentioned above. 

The spectrum measured a f t e r  450°C is very similar to  what i s  obtained fo r  

unirradiated material containing lithium t o  a concentration of ,=+J 5 x 1016 

In the resu l t s  of Figure 5 we do not find peaks such as we observed in  sample 

JPL-#69 (Figure 3). The lithium content for  JPL-#11 (Figure 5) i s  .J 10 times 

larger than fo r  JPL-#69 (Figure 3) where the peaks were observed. The extrinsic 

PC shown i n  Figure 5 appears to  be controlled by 3 or  4 levels a f t e r  each 

m e a l k g  kreament which a l so  appears t o  be the case f o r  the results shown 

i n  F i s r e s  3 and 4. 



Filzally, in Figures 6 arad 4 we present extrinsic PC for samples 

JFL-#l2 and JPL-#36, respectively. Both samples were l i t h i m  doped to 

relatively high concentrations ( 4 ) 5 x No further spectra 

were measured on these samples for anneals to temperatures above 200°C due 

to lack of time. Both of the samples (shown in Figures 6 and 7) exhibit 

extrinsic PC which appears to be controlled by 3 or at most 4 energy levels, 

and in both cases we see marked effects on the spectrum which was measured 

after 200°C anneal. 

2) Infrared Spectroscopy Measurements 

All samples irradiated at FV 300°K were given fluences of 1.5 

MeV electrons which were either less than or equal to @ 7.9 x 10~~e/cm~. 

We did not observe any radiation-induced infrared active absorption bands. 

This result is in agreement with and consistent with our previous studies (7) 

which showed that N 5 MeV electron fluences of 1 0 ~ ~ e / u n ~  do not induce 

sufficient numbers of infrared active centers. In one particular experiment 

we made a detailed search for radiation defect bands in a high purity 

(20,000fl -cm) float-zone refined Si sample lithium diffused to 

4 x 1016 Li atoms/an3 (0.18 fl -an). The sample was irradiated at SC 29S°K 

with 5 MeV electrons to a fluence of 3.3 x 10~~e/cm~. No radiation-induced 

infrared-active bands were found in the wavelength range '%1 to SO . /" 
Infrared spectrum measurements were made with the sample at 300°K and at 7 8 O K .  

B) Irradiation of -- Si at d 110°K. 

I> Measurements 

The resistance of one lithium-doped Si sample irradiated at llO°K 

exhibited a very rapid increase in resistance at 78'K after the cessation of 



the imadiat iun,  in additior;, this sanple also underwent rapid changes in  

resistarace before and a f t e r  anneals t o  250°K. We have summarized these 

resu l t s  p ic tor ia l ly  i n  Figure 8 where we p lo t  s q l e  resistance (measured 

a t  78°K) vs time a f t e r  the i r radiat ion was stopped. We can immediately see 

tha t  since nearly a l l  the f r ee  car r ie rs  were removed i n  the irradiation the 

resistance is extremely sensit ive t o  some defect which may undergo an inter-  

mediate s tep whereby a complex defect having increased car r ie r  trapping 

power may be formed. This is only conjecture, the process causing the 

behavior is not understood. During the time the PC spectrum was measured 

a f t e r  each anneal the sample impedance remained stable.  The time needed t o  

measure the spectrum was approximately 60 minutes. The photoconductivity 

spectra r e su l t s  are given i n  Figure 9 fo r  sample JPL-#lo. Note that  JPL-#10 

1 7  2 was irradiated to  a 2 MeV electron fluence of 1.5 x 10 e/cm , and that  the 

sample temperature during bombardment was kept below 110°K. 

Since the sample was not taken out of the cryostat during the 

en t i re  experiment it is  possible t o  compare the re la t ive  photoconductivity 

a f t e r  each anneal. I t  should be pointed out tha t  the spectra i n  Figure 9 

have not been normalized fo r  the l ight  source and appear t o  have markedly 

different  spectrum shape above A/ 0.6 eV than other l igh t  source normalized 

spectra; Figures 3 - 7. The important resu l t s  t o  be extracted from Figure 9 

a re  the apparent recovery of the peak a t  0.34 eV around 250°K, and the 

presence of a dominant level  a t  E,-0.4 eV. The resu l t  clearly i l l u s t r a t e s  

that  annealing or re-orientation of the defect responsible for  the PC peak 

a t  Ec-0.34 eV is occuring in  the 200 to  250°K range. This implies that  fo r  

Li concentrations o f  N 5 x l ~ ~ ~ m - ~  exposed $0 fluences of 



motion of defects occurs which has ' -- -- effects on the sample properties, 

and although Li is not diffusing in the S i  lattice matrix at these tempera- 

tures, other primary defects, vacancies and interstitials, must be sufficiently 

mobile so as to alter the defect structure. 

The results on the cold temperature irradiation also show that 

the radiation-induced extrinsic photoconductivity (PC) is controlled by 3 or 

4 dominant defect levels. The infrared spectra were measured for sample 

JPL #10 (Figure 9) after each anneal and - no defect infrared active absorption 

bands were found. It is of some relevance to compare Si doped with Li with 

silicon doped with P and As to rr, 5 - 10 x 1016 atoms/cm3 in which all the 

materials are bombarded by $ 2 MeV electrons to fluences of N 2 - 5 x 10 17 

e/cm2. In the case of P- and As-doped Si we have observedi8)infrared active 

bands in the 8 to 10 micron wavelength region, which we attribute to 

defect complexes consisting of at least two impurity atoms (P or As) and a 

single vacancy as constituents making up the infrared active center. The 

observed spectra are found to arise from electronic transitions and detailed 

piezospectroscopic studies have shown the center exhibits a monoclinic II 

symmetry with orientational degeneracy. Thus far we have not found bands of 

this kind in Li-doped Si. 



IV) DISCUSSION OF RESULTS 
p- 

It is very difficult to characterize all the imperfections 

present in the crystal before irradiation. This fact adds to the additional 

complexity which arises from radiation produced(or assisted) imperfections. 

The presence of oxygen has been well established although no simple method 

yet exists to accurately pinpoint the oxygen concentrations which includes 

oxygen atom configurations which are not infrared active. Moreover, when 

the oxygen concentration is lower than N 1 - 5 x 1016 c i 3  it is not 
A 15 -3 

possible to use IR spectroscopy to measure the oxygen content below 5 x 10 cm 

due t o  the  weak intensity of the 9 p  band characteristic of vibra- 

tional modes of interstitial oxygen in Si. More recently the presence of 

carbon (9910,11)in Si has been found to produce complexes which arise from 

the vibration of carbon atoms coupled to a radiation-induced defect, more 

probably vacancies and/or divacancies. In some recent radiation-induced 

extrinsic PC studies in Si by Young, ('')it was found that a level near 

Ec - 0.4eV is always present before irradiation of P-doped Si. The early 

electron paramagnetic resonance studies (I3) on the phosphorus -vacancy pair 

(E-center) with its associated level at Ec - 0.40 eV may be present before 

irradiation and could be due to vacancy-phosphorus complex pairs which are 

formed in the diffusion process during growth of the crystal. Finally, 

there are present in the material crystal imperfections such as dislocations 

detectable as etch pits or by X-ray techniques. 

* For the latest development on infrared spectroscow measurements of 

oxygen in Si see J,  A. Baker Solid State Coimm-ica-tions, Vol. 3 ,  143 

November 1970. 



Now, on top of a l l  the above ment~oned imperfections we intro- 

duce further complexities in our system due to the presence of radiation 

damage (vacancies, divacancies, interstitials, etc.), and lithium atoms 

whose concentration we infer from their electrical activity (as deduced 

from conductivity measurements). The concentrations of lithium quoted in 

Table I may all be too low (perhaps by a factor ar 3 to 5) since we do 

not measure lithium which has clustered into aggregate forms, and hence, 

been rendered electrically inactive. Based on our past experience, we do 

not expect that the electrically inactive lithium plays an important role 

in the radiation damage process, particularly as monitored by extrinsic 

PC and infrared spectroscopy. However, it may be possible that as lithium 

atoms dissociate they become electrically active, we have no proof of this, 

In comparing and correlating our results with other workers 

who have studied radiation damage in Li doped Si using 4 5 MeV electrons 
4 s  

it is not a simple and straight forward matter to compare the energy levels 

we have observed in our photoconductivity measurements with those obtained 

by carrier concentration, photoluminescence and minority carrier lifetime 

temperature dependence. This is because of the fact that the different 

measurements may not all be looking at the same defects in the same charge 

state. For example ~rucker(l~)f inds a level at Ec-0. 12eV (and in some cases 

deeper levels not amenable to study by carrier concentration) in oxygen- 

leaq low Li-containing Si. Brucker determined that the level anneals out 

at 373OK after bombardment of the sample at 80°K to & 200°K. Additionally, 

~rucker(~~)has also found shallow levels in cold temperature irradiation of 

Si, one at Ec- 0.08eV (requires I and the other at Ec-0. 13eV (not depending 

on presence of Li), We have not derected such shallow levels In our work 



but this may be due to our different experimental conditions, i . e , ,  our 

higher irradiation temperature (.N 300°K) and higher l,i concentration 10 

to 100 times higher than the lithium content in Brucker' s (i4315)samples. 

Our low energy measuring capability extended to O.lleV, in the figures our 

spectra cutoff at an energy below which we lose PC signal. 

A level at Ec-0.4eV (or greater) in oxygen-lean P-doped Si has 

been reported by carter(16)who has "tentatively attributed" this level to a 

Li-vacancy pair. In view of the fact that we observe such a level in many 

of our oxygen- containing samples and also in non- lithium containing(')~i, 

the interpretation of Carter may not be correct. We have given strong 

evidence(6) that the level near Ec-0. 4eV (from PC) is associated with the 

divacancy defect in its -2 charge state. Moreover, the measurement of 

Carter (carrier concentration) cannot pinpoint the position accurately be- 

cause of the limitation of carrier concentration measurements when one has 

to locate deep levels ) 0.35eV from the conduction band edge. 

It is interesting to note that both ~aber('~)and Curtis (18) 

report a level near Ec-0.4eV in lightly Li-doped Si ( w  5 x 1014~i/cm3) which 

participates in the recombination process. This recombination level may be 

associated with the divacancy or a complex requiring a Li atom as suggested by 

Curtis (18). 

It is worthwhile to make one further comparison of our results 

with the work of W. Dale ~om~ton(~~)who has used photoluminescence to deter- 

mine energy level positions in 3 MeV electron irradiation of Li-diffused Si. 

In summary, ~omptan(l~)has found levels in both lithium-free and lithium- 

containing irradiated Si. We shall only be interested i n  comgaring our 



results wirh Compton's work on Li-contaaning Si. Compton quotes h ~ s  energy 

levels relative to a band edge and has found(20)a level at 1.045eV in both 

oxygen rich (CG) and oxygen-lean (FZ) Si after a 3 MeV electron irradiation 
2 to 1018e/un . The 1.045eV level anneals out between 350 - 400°C in CG Si 

and between 400 - 450°C in FZ Si and does not occur without the presence of 

Li. Compton finds three other dominant levels at 0.78, 0.87, and 1.00eV 

which can be observed only if both oxygen and lithium are present in the 

sample, these levels are not observed in FZ Si doped with Li. The annealing 

properties of these levels are summarized below. . . 
. . .the 1.00eV level first appears after 400°C anneal then anneals our 

after 600°C heat treatment; 

. . .the 0.78eV level first appears after 200°C anneal with subsequent 
disappearance after 400°C anneal ; 

. . .the 0.87eV in P- type appears at 200°C and anneals out at 300°C, 
while in n-type the level anneals out at 300°C. 

One very important characteristic of the photoluminescence 

measurements is that one must irradiate the sample to relatively high 

18 2 fluence ( 4 1 0  e/cm ) in order to observe levels. The fluences necessary 

to observe damage in PC were a factor 2 to 10 smaller and this may have the 

effect of causing somewhat different defect configurations to be observed. 

The difference in fluence becomes even more pronounced when photoluminescence 

is compared to carrier concentration and lifetime measurements where the 

fluences used are in the much lower range lQ 
17 2 l4 - 10 e/a~ . 



We have summarized all the radiation-produced levels observed 

from PC in our samples in Figure 10 ,  We also show the levels observed in 

electron- irradiated (1.5MeV) P-doped Si, both CG and FZ, which were not 

doped with Li. (Samples Rosa I and 11). These Li-free samples are useful 

in that they give us some information on the background radiation-induced 

extrinsic PC. In noting the levels given on Figure 10 it is very important 

to realize that after any given anneal, only 3 or 4 levels dominate the PC 

for any particular sample (see Figures 3 - 7 and Figure 9 ) ,  whereas we in- 

cluded in Figure 10 - all observed levels, Evidently, then, these results 

imply that after heat treatment defects are re-orienting and perhaps re- 

combining in such a way that the energy levels shift. Our PC measurements 

have shown that there are more localized defect energy levels in the Eor- 

bidden gap than have been reported in photoluminescence, carrier concentra- 

tion, and lifetime measurements which we believe arises from our combined 

greater energy resolution and sensitivity than the other just mentioned 

measurement probes. Clearly the photoluminscence has the advantage of 

greater energy resolution than PC, but has lower sensitivity to defect 

levels than PC. 

It is difficult to correlate our energy levels with those ob- 

tained by ~rucker(l~)since we may be looking at different specific defects 

due to the fact that he(14)finds much lower recovery temperatures (300 - 373OK) 

than those we obtain in our case (in the range 400 - 700°K). However, the 

lithium associated recombination level reported by Curtis(18)at Ec-0.4eV may 

also be one of the levels we measure in the rage E,-0,35 lo Ec-Q.42eV, (see 

Figures 3, 4, 5, 6, 7 and 9), The annealing temperature determined by Curtis 



of 253'C does not correlate well with our heat treatment recovery tempera- 

(16) tures. Carter using carrier concentration also finds deep levels at 

Ec-0.4eV or deeper in electron-irradiated Li-diffused Si. However, in 

reference 16 Carter does not report on the annealing properties of the level 

(or levels), although the energy level position correlates with our findings 

from PC. 

It is most likely that our results can be correlated best with 

Compton' s (19,ZO) photoluminescence studies since the levels observed by 

Compton appear to be affected by heat treatment in the same temperature 

range 200 - 600°C as in our case. Moreover considering the uncertainty as 

to which band edge the levels refer to, we can surmise that the photo- 

luminescence levels at 1.00, 0.87, and 0.78eV in CG Si can also be counted 

among those found in our samples (see Figure 10). 

In view of the complexities of the radiation damage problem and 

the added complication that many of the radiation-produced energy levels 

lie deep in the forbidden gap, it is not possible to make significant 

theoretical analysis of the results. The main reason for the difficulty in 

the analysis is that little or no information is available on wave function? 

for electrons in deep lying states. Some success has been obtained using 

effective mass theory for shallow donors and Fan('')has calculated the photo- 

excitation cross section based on a 1s ground state for electron excitation 

in hydrogen. For the case h$>>&, where 69 is the incident energy and 

the energy below the conduction band (binding energy of the electron in 

the defect) the photoexcitation cross section calculated by Fan('') is 



If our energy levels are used then the calculated cross sections tend to 

have magnitudes of ,W lQ -I6 - 1 0 - l ~ r n ~ ~  and the calculated energy depend- 

ence in 6" is roughly comparable to what is measured. 

Recently some theoretical work has been reported by  ebb('^) 

who used the quantum defect method to calculate optical absorption processes 

for deep lying chemical impurity states in semiconductors. Although not 

directly applicable to our case we attempted to analyze our results for 

deep lying radiation-produced "impurity statestt using Bebbts theory. No 

other theory is presently available and although not germane to our case 

it was our intention to apply it as a first approximation. Bebb obtains 

approximate wave functions to describe deep lying impurity states. However, 

a main conclusion of Bebb appears to be in disagreement with what we measure, 

namely the PC which is proportional to the photoexcitation cross section is 

always found to decrease with decreasing defect energy (from the conduction 

band) whereas Bebb's theory predicts just the opposite. One other limitation 

of the Bebb theory is that it predicts the same cross section for all im- 

purities having the same localized energy state in the forbidden gap. This 

theoretical conclusion seems to be an oversimplification for the case of 

radiation defects which may have different complex configurations in which 

the probability for promoting an electron to the conduction band by photo- 

excitation may be different for each defect even though the energy levels 

may be very close to the same position in the forbidden gap as in the case 

of E - center, Ec - 0,40eV, and divacmcy, %Ec - 0.39eVe We conclude 

that the theory in its gresen"cimplistic form cannotbe used fruitfully to 



4-0 '? n t e r p r e t t h e  data, will1 e recogpi zirng the formidable con~pPexity of  the 

problem other approaches may be necessary, we w i s h  to briefly describe one 

approach here. 

If  detailed measure~nents of defect introduction r a t e  were made, 

and i f  one were able t o  make posit ive identification of the defect with an 

energy level ,  then one could compare the theoretical cross section with 

measured values and make improvements i n  the model and theory to  accurately 

f i t  the data. Although t h i s  is a phenomonological approach a t  t h i s  time, 

we can propose no simple alternative.  



CONCLUSIONS ---- 

Electron irradiation (5 2 MeV) of oxygen-lean and oxygen- 
3 rich Si doped with Li from 9 x 1 0 ~ ~ ~ i / c m ~  to 2 x 10'~~i/cm produces 

lithium-associated defect complexes which give rise to localized energy 

levels in the forbidden gap. Levels giving rise to extrinsic PC are formed 

at Ec-0.2, Ec-0.4, Ec-0.54, and Ec-0.6, Ec07, and Ec-0.8 eV in CG 

material, while in FZ material the dominant levels are at S Ec-0.2, 

E -0.54, Ec-065, EL-0.8, Ec-0.92, and Ec-1.0 eV. Heat treatment to 
C 

temperatures in the range 100 - 450°C produces pronounced disappearance 

(recovery) of some levels and appearance of new (or shifted) energy levels. 

Wherever possible, we have been able to correlate our measured energy levels 

with those obtained from carrier concentration, minority carrier lifetime 

and photoluminescence, in particular, the level at Ec-0.4eV. 

Our measured annealing temperature ranges are consistent with 

those obtained in irradiated Li-doped solar cells by Fang and Iles (23) 

who report annealing stages at 100 - lSO°C and at 300 - 450°C. Additionally 

photoluminescence also yields annealing temperatures roughly consistent with 

our values (200 - 450°C). 

The PC spectrum obtained in samples containing lithium to con- 

15 centrations > 5 x 10 in general contains more structure indicative 
/3 

of greater complexity than the spectm measured in the same starting 

silicon material not containing lithium. 

No infrared active defect absorption bands are observed (1 to 

SO microns) in samples irradiated by electrons k 5 MeV) to fluences of 
-$# 

17 2 3 - 3  x 1 0  e / m  . 



One cold tenupe1"ature irnadiatiorz kixrleriment m a"cLLQ°K shows 

that annealing or re-orientation of Li-associated defects occurs at 

temperatures between 200 - 250°K, In all cases we observed large in- 

creases in resistivity with continued heat treatment in the temperature 

range 150°K up to 700°K. 

No satisfactory theoretical analysis of the data can be made 

using any of the presently published theories. 

Wst of the measurements were made by Mr. Thomas Mortka and 

Mr, Edward Fenhore and their careful conduct of the experiments is gratefully 

ackriowledged. We also achowlcdgc the careft11 reading of the manuscript of 

t h i s  report  by Br, R, Strirn of JPL who made construe"cve cr iticisrns to 

i-mprove t h e  report ,  



Areas of Research Recommended for Future Work 

Oil the basis of our past program we find that there are two 

areas where further study and improvement of measurement techniques would 

greatly add to an understanding of the radiation damage process. The 

areas are described below. 

1.) The measurement of PC curve can be made with greater accuracy in the 

determination of the energy level position if one employed modulation 

spectroscopy. In this method one is able to extract the critical structure 

of energy levels in the spectrum which is usually superimposed on a large 

uniform background, thereby obtaining a more detailed picture of "line 

shapes". The modulation spectroscopy method involves oscillation of one of 

the mirrors present in the light beam path after the monochromator. This 

yields a modulation of amplitude of PC signal and wavelength and what one 

then measures is the derivative of PC, i. e. , . In this z 
modulation measurement one should, in principle, be able to obtain energy 

peaks, where without modulation one obtains just Details 
F a  * 

of this technique may be found elsewhere and further analysis is needed to 

show how this modulation method would applyt. 

2 . )  In order to determine whether the PC arises from holes or electrons 

which would answer the question as to whether a particular PC energy level 

arises from the excitation of an electron to the conduction band, or from 

excitation of a hole to the valence band, one would use a magnetic field to 
. . . . . . . . . . . . . . . . . . . . . . . . . .  

A K. t. Shaklee, J .  E. Rowe, and FZr. Cardom, Pa-iys. Rev. - 174, 828 (1968) 

K ,  I , ,  Shaklee, Ph,. D, Thesis, Bsotm U~iivers i ty ,  1968 ( ~ r n p ~ ~ b l  iqlled] 

+ W. G, Spitzer, Univ, of Southern Calif. has applied this method to IR 
absorptions, we feel "intuitively" it should work for PC. 



dlstingulsh between electrons a id  Eioles err a io r  t o f p h o t o - i i a i l  measurerneiit. 

Constmctioa o f  this system with new optics wo~ald require a considerable 

effort ( 2 man months) . 
Successful implementation of both items (1) and (2) above would 

require a fairly concentrated effort which was not included in the primary 

goal of the present program. We strongly recommend that some researcher be 

given the opportunity to work on the above ideas in order to improve experi- 

mental results assisting in characterizing the radiation-induced extrinsic PC 
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Figure I] Typical energy resolution curve used in photoconductivity 

measurements made with a LiF prism. The energy resolution 

b E (eV) is plotted vs energy (eV) and the corresponding 

wavelength ( r 
Figure 2) Typical energy resolution curves used in photoconductivity 

measurements made with a CaFZ prism. The energy resolution 

A E (eV) is plotted vs energy (eV) for sample JPL $36 
after various 15 minute anneals at the temperature shown. 

Figure 3) Relative photoconductivity vs energy of light for 
cn 

sample JPL #69 after irradiation (at X 300°K) and annealing 

(15 minutes at each temperature). Also shown is the spectrum 

for unirradiated material. Energy level positions (eV) are 

shown by vertical arrows and error bars for measurements with 

largest experimental uncertainty, and similarly in Figs. 4-7. 

Figure 4) Relative photoconductivity vs energy of light for sample 
m 

JPL-#17 after irradiation (at 300°K) and annealing 

(15 minutes at each temperature). 

Figure 5) Relative photoconductivity vs energy of light for sample m 
JPL #ll after irradiaticn (at 300°K) and annealing 

(15 minutes at each temperature). The spectm before irradia- 

tion closely resembles the one marked 450°C. 



Figure 6) Relative photocondtrctivity der 
sa vs energy of light for sample 

JPL- II12 after irradiation (at 300°K) and a.nnealing 

(15 minutes at each temperature). 

Figure 7) Relative photoconductivity 
6-R 

vs energy of light for sample 

JPL-#36 after irradiation (at 300°K) and annealing 

(15 minutes at each temperature). 

Figure 8) Dependence of resistance for sample JPL-#10 on time after 

irradiation (at 911O0K) and anneal for 15 minutes at the 

temperatures shown. 

Figure 9) Relative photoconductivity dG vs energy of light for sample 
r 

JPL- #10 after irradiation (at llO°K) and annealing 

(15 minutes at each temperature). 

Figure 10) Composite of all the radiation-induced energy levels found from 

photoconductivity in Li-doped samples studied in this investiga- 

tion (see Tables I and 11). For comparison we also show levels 

found in FZ and CG 10 0 -cm P-doped Si which was the starting 
material that was Li-diffsed in these studies. 
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